Abstract The wear properties of a textured polyester powder coating with pyrogenic silica nanoparticles addition were evaluated. Raw powders of a commercial, textured polyester organic coating were mixed with low amounts of SiO 2 nanoparticles (0.5-3 wt%) using ball milling, a simple and economical method. Nanoparticles were mixed into the powder of thermoset organic coating for 10 min in a two-body planetary ball mill. Particle size distribution of the powder was measured to evaluate the milling effect. The coatings were applied and cured in an industrial installation on aluminum substrates. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the coatings were taken to analyze the homogeneity of the organic coating. Roughness, gloss and color were measured in order to evaluate their appearance. The effect of nanoparticles on abrasive and erosion wear performances was measured. Pin-on-disk wear tests were carried out. Erosion measurements were performed with free fall of sand on the samples, a test based on ASTM D968 standard. The results showed that the milling process provides a good distribution of nanoparticles as no agglomerates were found. The addition of 0.5 wt% silica nanoparticles allows for improvement of the wear resistance of the coatings.
Introduction
The use of organic powder coatings is increasingly widespread, and they have displaced conventional organic coatings in various industrial sectors such as automotive, street furniture or household appliances. 1 The main reason is the great advantage of the absence of solvents and hazardous wastes, opposite from liquid organic coatings. 2 Cost is also reduced because powder materials can be recovered and they can be reused in the coating process. 3, 4 With coatings and varnishes formed from the liquid state, several investigations have been carried out in recent years on the use of nanoparticles. The possibility of obtaining good results in some properties by adding small amounts has been proven, providing that an adequate dispersion of the nanoparticles is achieved. 2, [5] [6] [7] [8] The wear of organic coatings is among the most interesting features for improving the organic coating performance for different applications. 2, 9 The use of nanoparticles generally improves the wear resistance of coatings, with SiO 2 being one of the most used particulate nanoreinforcements. Most of the published studies are based on liquid organic coatings. This improvement has been shown in epoxy 10 and polyurethane 11 liquid resins. The dispersion of the nanoparticles in the polymer is, possibly, the most critical aspect. Regarding organic coatings or varnishes in the liquid phase, previous studies show that the nanoparticles have been dis-persed in the polymer using various methods such as predispersion in a solvent, 12, 13 magnetic stirring, 5 and mechanical methods. 14, 15 Currently, there are still limited published studies about the addition of nanoparticles to powder organic coatings. The dispersion of the nanoparticles is also conditioned by the application method, since it is necessary that the powder is charged by the corona effect to be applied. The published studies have relied on methods of mixing commercial powder and nanoparticles by extrusion and the remanufacture of the mixed powder. 2, 7, [16] [17] [18] A study on the addition of nanocarbonates to epoxy powder organic coating 6 compares three possible mixing methods: (a) extrusion; (b) dissolving the resin in a solvent (acetone), followed by the remanufacturing of the powder; and (c) the preparation in situ nanocomposites. This last method was the one that achieved the best results, but it has the disadvantage that it cannot be implemented using commercial powders.
Regarding the method of mixture chosen, there are few references in the literature. Moradi et al. 19 used the ball milling technique for powder organic coatings, obtaining a homogenous nanocomposite powder in an epoxy coating with high percentages of nanoparticles (SiAlON).
Other important features that depend on the presence of reinforcements are the charge of the powders in the electrostatic gun, the powder flow, and their viscosity when they melt. Moreover, the presence of nanoparticles can also affect the aesthetics of the coating, an important property in this series of applications. 4, 20 The selection of a short milling time has the aim of keeping particle size distribution within certain limits so as not to affect the coating manufacturing process. It has to be taken into account that longer milling times (e.g., 5 h) are chosen when the mixing process is carried out in liquid state, for instance, to add pigments to liquid organic coating matrixes. 21 Models regarding liquid mixing by ball mill have also been recently developed 22 to describe the dispersion of pigment agglomerates in dispersion equipment (ball and threeroll mill), but they cannot be used on powder organic coatings.
Among the types of powder organic coatings, thermoset coatings possess great qualities in terms of good mechanical strength and excellent chemical and climatic resistance. 23 Nowadays, polyester-based organic coatings are the most used in applications such as window profiles, garden furniture, garage doors or automotive parts. 18, 24 Polyester organic coatings also have good durability and resistance to ultraviolet radiation. 25 Therefore, the aim of this work is to achieve a homogenous coating by adding different percentages of SiO 2 nanoparticles, with a different and economical mixing method such as ball milling, improving the wear properties of the polyester coating.
Experimental
The selected powder organic coating was a textured white polyester (RAL 9010) provided by Cubson International Consulting S.L. (Spain). The selected silica nanoparticles were hydrophobic and pyrogenic, AEROSIL Ò fumed silica, model R202, with a specific surface area of 80-120 m 2 /g and an average size of 14 nm. The polyester powder and nanoparticles were mixed in a planetary ball mill for 10 min, with 8-mmdiameter steel balls, using a two-body planetary mill Pulverisette 5 (Fritsch, Idar-Oberstein, Germany). The volume of the grinding vessel was 250 ml. The ratio of the ball to powder mass was 10:1. Ten mills of 15 g were made for each mixture. The entire process was carried out under dry conditions.
Mixes were prepared with different percentages by weight of nanoparticles: 0.5%, 1%, 2%, and 3%. In addition, the initial powder without nanoparticles was milled in the same conditions (labeled as 0%) to evaluate the milling effect in the properties of the final coating.
Particle size distribution of powder mixes was measured with a laser analyzer Mastersizer 2000 (Malvern Instruments, Worcestershire, UK), for the as-received (labeled as AR) organic coating powder and for the different milled powders. The distributions were measured under dry conditions, considering that the particles had an absorbance of 0.1 and a refractive index of 2.130, typical values of an opaque white pigment. Three measurements of each sample were taken.
The coating process was carried out at the facilities of Cubson International Consulting S.L. The application of the powder was implemented with an electrostatic spray gun Pulverizadora Manual Easyselect with a control unit OptiTronic (ITW GEMA, San Galo, Switzerland), using 100 kV DC voltage source, on AA5005 aluminum sheets with dimensions of 142 9 70 mm. Aluminum sheets were degreased with acetone before the coating process. The curing was performed in an oven at 180°C for 10 min. The final thickness of the organic coatings was about 80-100 lm.
After curing, scanning electron microscopy (SEM) was used to characterize the coatings, using a Teneo SEM equipment (Thermo Fisher Scientific Inc., Waltham, USA) in order to study the morphology of the coatings and the influence of milling and nanoparticles on it. A 10 kV electron beam was selected for imaging. Also, a semiquantitative analysis was performed by energy-dispersive spectroscopy (EDS). Atomic force microscopy (AFM) studies were performed using a MultiMode Nanoscope Ò IV (Digital Instruments, Veeco Metrology Group, Santa Barbara, CA, USA). The AFM measurements were carried out at room temperature, operating in the tapping mode, employing silicon tips with a force constant of about 40 N/m and a resonance frequency close to 300 kHz, recording simultaneously height and phase images.
An Olympus DSX500 opto-digital microscope (Olympus Corporation, Tokyo, Japan) was used to obtain the roughness values of the organic coatings. The surface roughness values (Sa) were measured in three different zones of each sample.
The aesthetic properties were also evaluated. The gloss of the white organic coating was measured with a Refo 3 glossmeter (Hach Lange, Colorado, USA), using 60°(to semigloss surfaces), in accordance with the ISO 2813 standard. Color measurements were carried out based on the ISO 11664 and measured under D65 illuminant, 10°observer and exclusion of the specular component (SCE) on X-Rite ColorEye Ò XHT (X-Rite Inc., Michigan, USA). Five measurements were made on three different samples for each material with both techniques.
Abrasive and erosive wears were evaluated. Four tests in each sample, based on ASTM G 99 standard, were performed to evaluate abrasive wear with a pinon disk (Microtest tribometer, TDP/10/SCM, Madrid, Spain). A flat pin (9 mm diameter) with an SiC abrasive paper (average SiC particle size, 125 lm) on it was used as countermaterial to test the organic coatings. Applied load (10 N), speed (50 mm/s), and sliding distance (100.5 m) were fixed. Wear resistance was measured through mass loss. In order to carry out the erosive wear, a test based on ASTM D968 was developed. Next, 20 L of silica coarse sand (1-2 mm diameter) was dropped from a height of 930 mm through a 19-mm-diameter duct on a specimen tilted 45°above the horizontal. Three tests were performed on each of the materials, measuring the variation in thickness every 5 L of poured sand. After both wear tests (abrasive and erosion), worn surfaces were observed with SEM and opto-digital microscopy, respectively, to study the wear mechanism.
Results and discussion
Although the ball milling process carried out was designed to be a low-energy one, it affected particle size distribution. As it can be seen in Fig. 1 , there is a slight reduction of particle sizes that could be related to the effect of both stainless steel balls and silica nanoparticles. Three of the most typical parameters used to describe a powder distribution (D10, D50 and D90) are shown in Fig. 2 . As it can be clearly seen comparing the AR powder to the plain polyester milled powder (0%), there is an important milling effect of the particles due to the stainless steel balls. Organic coating powder is much softer than steel (even the balls are not hardened); hence, collisions between balls and polyester particles provoke a reduction of particle size. As it can be seen, these collisions mainly affect larger particles, thus reducing D50 and particularly D90, while the size of the smaller particles (measured with D10) is only scarcely affected. This can be clearly understood by taking into account that collisions between steel balls will trap more easily big than small particles. There are different models 26, 27 that simulate how particle size has an influence on the specific breakage rate during the ball milling process, confirming those results. Moreover, a certain milling (particle size reduction) effect of nanoparticles cannot be discounted; when 1% (by wt) or more silica is added, all parameters slightly decrease. The decrease in D10, particularly for 2% and 3% of silica, implies that finer particles are present in the distribution. The presence of agglomerates has not been found in the distributions (as shown in Fig. 1 ). The theoretical detection limit for the technique is 0.1 lm (100 nm), and no particles have been detected below 1 lm in any of the distributions (as those shown in Fig. 1) . Agglomerates, if they exist, should have a size bigger than 1 lm. SEM studies of powders have not detected them.
Fine particles could present difficulties in handling, and, in addition, an excess of fine particles increases not only the respiratory hazard but also the risk of explosion. The milling process taking place does not produce a strong presence of very fine particles that could promote these difficulties. Moreover, during the application it can be more difficult to accurately direct fine particles that should wrap around the items fully coating both sides. The tested organic coating is a textured one. The surface roughness tends to decrease for milled particles (Fig. 3 ). This could be related to two effects. On the one hand, particle size distribution may affect surface roughness and, hence, the texturing effect of the used polyester. Finer particles promote smoother surfaces, as a more even curing process takes place. On the other, there could appear changes in the distribution of phases responsible for texturing due to interactions between nanoparticles and polymer. No clear influence of the addition of nanoparticles can be observed in the roughness of coatings manufactured from ball-milled powders.
Moreover, the roughness modification caused by the ball milling of the powders may induce a transition in the surface aesthetics of the organic coating. Textured organic coatings have low gloss, as the texturing provokes light scattering, showing matt surface appearance. Theoretically, for nontextured organic coatings, a decrease in surface roughness will increase the gloss of the organic coating, as the reflection of the light is enhanced (being reflection less diffused) due to smoothening. This effect is found on plain organic coatings (without silica nanoparticles). In this case, the reduction of roughness caused by ball milling (Fig. 3) provokes an increase in gloss (Fig. 4) .
However, when silica nanoparticles are added, the gloss of the coating tends to decrease (Fig. 4) . A similar effect of the presence of nanoparticles on gloss has previously been found, although not quantified, in organic coatings 28 as well as in silane coatings containing silica nanoparticles. 29 Aspects that may affect the reduction of gloss of silica containing organic coatings are uneven powder transport or uneven charging of particles. 3, 30 Although no particular problem about these issues was observed during the coating process, a possible influence cannot be discounted. Moreover, other possible aesthetic defects that fine particles may promote related to a poor surface finish (like an orange peel effect 30 ) have not been found in the coated surfaces.
The color parameters of the AR coating are L* = 94.64, a* = À 0.84 and b* = 5.56, typical parameters of a white organic coating. Color deviations (DE) have been measured (Fig. 4) , always referenced to the color of AR organic coating. The color parameter that mainly varies is always the L*, which decreases when the percentage of nanoparticles increases, since there is a loss of luminosity. Ball milling seems to affect the decrease of L*, comparing 0% to the AR coating. The values of a* and b* are not meaningfully affected either by the mixing process or the nanoadditions. The nanoparticles do not affect dramatically the aesthetic properties of the coating. It seems that organic coatings containing higher amounts of silica promote greater deviations (although it has to be pointed out that the differences seem to be acceptable). This change in color, together with the one of gloss, may indicate a small structural change in the organic coating. The measured values of DE are not greater than 3 in any case. Pantoja et al. 29 show similar values in silane coatings containing 1 wt% nanosilica. DE values lower than 10 are considered acceptable, as it was assumed in previous works. 31, 32 Moreover, silica nanoparticles do not affect the hiding power of the organic coating, as no effect from the color of the aluminum substrate is noticeable.
SEM images of the coatings are shown in Fig. 5 . Comparing Figs. 5a and 5b, a dramatic refining of the structure is observed. This refining affects the texture of the organic coating, being less rough (Fig. 3) , and thus provoking an increase in gloss (Fig. 4) . No particular change of structure is found when silica is added in amounts lower than 1%; thus, the decrease in gloss should be related to the presence of nanoparticles. However, when higher amounts of nanoparticles are added, clear structural changes appear (Fig. 5c) . The fact that nanoparticles affect softening and flowing processes during curing can be clearly appreciated, appearing as voids. These voids act as light scattering points, hence strongly affecting gloss (Fig. 3 ). The detailed SEM study carried out with the coating has allowed the ability to check that there are no agglomerates of nanoparticles that can be detected by this technique, even in the coatings with the highest amount of reinforcements studied. It cannot be discounted that the viscosity during the curing stage helps in obtaining a greater homogeneity. Figure 6 shows a detail of SEM analysis in the sample containing 2% silica nanoparticles. The bigger white areas correspond to BaSO 4 , while the smaller ones correspond to TiO 2 and SiO 2 , usually found together in semiquantitative EDS analysis. BaSO 4 and TiO 2 are typical additives for powder organic coatings. Moreover, AFM (Fig. 7) does not provide any information about the possible existence of aggregates or agglomerates.
Structural and roughness changes seem to affect the abrasive behavior of the organic coatings. Figure 8 shows the mass loss of the different organic coatings after the pin-on-disk wear test. The positive effect of the decrease on roughness (Fig. 3) caused by ball milling can explain the reduced mass loss of this coating in absence of reinforcements. Moreover, ball milling can exert a certain positive effect on hardening the organic coating. A synergistic effect between those effects and the introduction of nanoparticles in the structure of the organic coating explains the reduction of mass loss observed for organic coating with 0.5% silica when its results are compared to those of the AR coating. In addition, it can be noticed that the addition of nanoparticles causes a reduction of the mass loss compared to the 0% coating.
However, the structural changes taking place in the organic coating (Fig. 5c ) change this tendency for higher silica contents. The voids that appear on the structure can affect the wear mechanism and explain the increase of the mass losses. There are studies showing that the voids in the coating provide a worse mechanical behavior. 33 Although agglomerates have not been detected either by SEM or by AFM (Figs. 6  and 7) , the presence of small aggregates cannot be discounted, particularly in highly loaded organic coatings, affecting the abrasive wear performance.
The SEM observations of the tracks caused by the pin-on-disk test reveal that the wear mechanism is abrasive, as it would be expected. Figure 9a clearly shows the scratches in the 0% coating. Areas between the scratches appear where the structure of the organic coating can be seen. Some SiC particles were found in the worn track, coming from the abrasive paper used as countermaterial and giving notice of the good adherence of the organic coatings to the aluminum substrate.
The addition of 0.5% silica does not change the abrasive nature of wear process, but there are more scratches (more homogeneously distributed in the track), but being less deep (Fig. 9b) , thus explaining the lower mass loss. Original organic coating structure is found in an isolated manner and not between the scratches (as occurred in Fig. 9a ). These results suggest that the silica nanoparticles have been adequately dispersed and placed in the structure of the polyester, promoting the hardening of the polymer by diverse mechanisms, as increasing the stiffness of the polymeric chains, 34 fostering the polymerization, 35 or contributing to absorption and distribution of the stresses in the material. 36, 37 When the amount of silica further increases, wear also increases, maybe due to the presence of voids, though the contribution of small aggregates to the mechanism cannot be completely discounted. Wear mechanism is still abrasive. The addition of silica nanoparticles achieves a positive effect when abrasive behavior is compared to the AR. Figure 10 shows the results for erosive wear, while Fig. 11 shows images of the damages caused in the organic coatings that can provide information about the mechanism. The milling process of the powders is negative for this property. The milling process has provoked a huge refinement of the structure of the cured organic coating (Figs. 5a and 5b ). This may lead to a hardening effect, as abrasive wear results show (Fig. 8) . But simultaneously, the structure can become more brittle, and it has more difficulties in absorbing impacts. When sand particles fall on the surface, a strong plowing effect must take place, and organic coating particles are removed. The addition of a small amount of nanoparticles is strongly positive. They will probably reduce crack propagation and hence organic coating detachment. Increasing the amount of nanoparticles promotes a less homogeneous structure, with the presence of voids, where a heterogeneous distribution of stresses can take place, thus affecting negatively particle detachment. Figure 11 shows the roughness of the surface after erosive wear, which is homogeneous for all cases. Figure 11a (for AR organic coating) and Fig. 11c (for 0.5% silica addition) show a similar surface, being flat and smooth. However, Fig. 11b (for 0% coating) and Fig. 11d (for 2% silica addition) show a deeper erosive wear. Therefore, the images would correspond with the results of Fig. 10 , where it is observed that the highest losses of thickness coincide with 0% coating and the 2% silica addition.
Silica nanoparticles addition then promotes a positive effect, as wear is reduced (when compared with 0% paint). This will show that the addition of 0.5% SiO 2 improves the erosion resistance, comparing to the 0% organic coating.
Conclusions
The main conclusions that can be drawn from this research are:
• Milling process can be an adequate process to mix low amounts of hydrophobic silica nanoparticles and polyester powder.
• The ball milling of the powders causes a decrease in the final roughness of the textured paint and a refinement of its structure.
• The addition of silica nanoparticles in amounts up to 3% to the white polyester has not meaningfully affected the color of the paint.
• The addition of nanoparticles to the textured polyester has changed the morphological structure of the final coating, and voids tend to appear when the amount of reinforcements higher than 1% is added.
• Additions of 0.5% silica nanoparticles to the selected powder polyester reduce the mass loss of the organic coating in the abrasive wear test.
• Ball milling does not improve erosion resistance, but the erosion resistance of the coating with 0.5% SiO 2 is similar to the as-received coating.
